Abstract The effect of large concentration of oxygen on the microstructural development of Zr-Cu-Al-Ni bulk metallic glass (BMG) alloys, prepared from commercially available Zr sponge, has been studied. Apart from promoting crystallization, increased concentration of oxygen (~8000 ppm) spawns additional phases. In particular, we report the appearance of a-Zr, dendritic Zr 2 Cu phase and the Zr 2 Ni type cubic phases. Addition of oxygen scavenger like Yttrium only partially solves the problem. Phase evolution was also found to be sensitive to the cooling rate and hence to the thickness of the cast sample. Thus it is possible to produce a gradient microstructure with predominantly amorphous phase at the outer layer.
Introduction
Due to their unique combination of mechanical properties, bulk metallic glasses (BMGs) have been receiving considerable research interest recently. Almost all of the BMG alloy systems that are currently being pursued from an application perspective, particularly those based on transition group metals, are cast from high purity elements. This is necessary to keep the oxygen content low as the transition metals are good oxide formers. Several investigators have explored the role of oxygen on the glass forming ability (GFA) and crystallization behavior of Zr-based glasses [1] [2] [3] [4] [5] [6] [7] [8] [9] . Oxide phases induce crystallization at higher temperatures and shorter incubation times [1] . Eckert et al. [2, 3] established that for bulk specimens, oxygen triggers the formation of nanocrystalline FCC NiZr 2 -type phase. These nanocrystals act as heterogeneous nucleation sites for the crystallization of other stable intermetallic phases. Murty et al. [4] reported a two step crystallization process for melt spun ribbons with higher oxygen content as compared to a polymorphous crystallization of amorphous phase to Zr 2 (Cu, Al) at lower oxygen concentrations. Liu et al. [6] has shown that oxygen level of 3000 ppm completely deteriorates the mechanical performance of the BMG and the microstructure contains predominantly crystalline phases. In contrast, there are reports of formation of metallic glass in high oxygen containing alloy processed by melt spinning [10] . Besides oxygen concentration, the cooling rate also influences the microstructural evolution [2, 11, 12] . Formation of metallic glass in high oxygen containing alloy by melt spinning and the absence of crystalline phases in wedge shaped specimens with smaller angle, are evidences of the effect of cooling rates. Zhang et al. [5] and Liu et al. [6] have demonstrated the beneficial effects of microalloying in reducing the adverse effects of oxygen on the GFA of the Zr-based glasses. The microalloying elements were chosen since they are known for their strong tendency to form oxygen-rich glass phases. Recently a detailed investigation established that the ductility of BMG disappear for an oxygen content as low as 600 ppm [6] .
Most of the investigations to date in this area focused on the effect of small amount of oxygen on the formation of Zr based BMG. The microstructural evolution in the presence of larger oxygen content is not well studied. Also since high purity elements are expensive, the BMGs formed also tend to have cost disadvantage, offsetting the performance advantage. Therefore it is instructive to examine the possibility of forming Zr-based BMGs and particularly BMG composites with commercial purity Zr. Since oxygen content of commercial Zr sponge is high and often contains oxides at the surface, it is relatively easy to incorporate large amount of oxygen in the melt. In this paper, we explore the possibility of making a-Zr-based BMGs with the commercial purity Zr sponge containing high (~8000 ppm) oxygen content and focus on the microstructure development including the effect of section thickness and hence cooling rate. We have chosen for the present work Zr-Cu-Al-Ni alloys, which have been studied extensively because of their large super cooled region and high GFA [13, 14] . The as-cast samples were characterized to evaluate the extent of glass formation in each of them. Differential Scanning Calorimetry (DSC) (METTLER TOLEDO 822 e ) was used to determine whether the as cast samples contains a glassy phase, identified by a glass transition. Electron Probe microanalysis (Cameca make, SX 100 series) was conducted to determine quantitatively the amount of oxygen present in the as cast alloys. X-Ray diffraction (XRD) patterns of the as cast samples were obtained using Cu-Ka radiation from the specimens cut parallel to the broad face of the samples using a JEOL JDX-8030 X-ray diffractometer system. Microstructural information was obtained using optical microscopy, scanning electron microscope (JEOL JSM-840A, Sirion FEI) and transmission electron microscope (Tecnai-F30). The gradient of mechanical properties was evaluated by using an instrumented microindenter (Zwick Roller system).
Processing and characterization

Results
Characterization of the castings
The microprobe analysis estimates the oxygen content of the alloys prepared with commercial Zr sponge ranges between 8,000 and 9,000 ppm (i.e., 0.8-0.9 at.%). Figure 1a shows the optical micrographs of the as-cast wedge shaped sample of Zr 55 Cu 30 Al 10 Ni 5 alloy taken from three different regions (as shown in the schematic). The tip portion of the wedge shaped sample is almost glassy but an increase in volume fraction of crystalline phases with increasing casting dimensions can be observed, indicating a cooling rate sensitive microstructure. Figure 1b shows the XRD pattern obtained from an area close to the tip of the wedge shaped sample. The XRD traces confirm that it is predominantly amorphous. Figure 1c shows a DSC scan of the tip portion of the sample at a heating rate of 10 K/s. A distinct glass transition can be seen. The difference between glass transition temperature, T g (408°C) and crystallization temperature, T c (488°C) is 80°C, with a single crystallization exotherm. The onset temperature is similar to that reported by Conner et al. [7] for a 3 mm sample containing~800 ppm of oxygen. We are unable to identify a distinct T g and hence width of the supercooled regime from the wider portion of the wedge due to the high fraction of crystalline phases present in these regions. The XRD patterns indicate the presence of elemental a-Zr having hexagonal structure, tetragonal Zr 2 Cu phase and a dendritic phase in addition to the glassy phase. The proportion of these phases varies along the length of the wedge as shown in Fig. 2 . Figure 3 shows the XRD patterns corresponding to Zr 55 Cu 30 Al 10 Ni 5 alloy produced in the form of 3 mm diameter rods and plates of dimension 2 · 5 mm 2 . The as cast rods show the presence of a distinct glassy phase as is evident from the broad hump in addition to a-Zr, Zr 2 Cu and the Zr 2 Ni phases. The plate sample, in addition, show distinct presence of an oxide phase (ZrO) and have much larger crystalline fraction. Due to the use of split-type Cu moulds, fins of thickness~550 lm had also formed during BMG castings. The XRD patterns corresponding to these fins reveal the presence of broad maxima attesting to its glassy nature. However, a closer examination reveals a small peak of a-Zr. Figure 4a shows the XRD scans of injection cast alloys with the nominal composition of Zr 60 Cu 20 Al 10 Ni 10 in the form of 3 and 5 mm diameter rods and 2 · 3 mm 2 plates. As is evident from the plot, extensive crystallization took place for the plate and 5 mm diameter castings, while the XRD plot for the 3 mm rod exhibits partial presence of a glassy phase. The relatively broader crystalline peaks of the 3 mm samples suggest finer crystalline precipitates. Analysis of the diffraction patterns indicates the precipitation of tetragonal CuZr 2 and fcc Zr 2 Ni in addition to a small amount of ZrO. There is also evidence of hexagonal a-Zr phase and tetragonal Zr 3 Al 2 type phases. Similar casting of Zr 65 Cu 15 Al 10 Ni 10 alloy however show very high degree of crystallinity irrespective of the casting dimensions (Fig. 4b) . The phases identified, though, were almost same as that for the previous alloys, predominantly Zr 2 Cu, Zr 2 Ni, a-Zr and ZrO, but with an addition of new Zr 2 Al 3 type orthorhombic phase. A summary of the DSC results where we have succeeded in detecting the T g reliably is given in Table 1 . It has been shown that rare earth has potential to scavenge the oxygen and remove the deleterious effect of oxygen [15] . In order to probe whether it is still effective when the oxygen content is high, alloys containing Y and small amount of Ti (Zr 53 Cu 19 Al 10 Ni 10 Ti 5 Y 3 ) with both Zr sponge and high purity Zr crystal as starting materials were prepared. The alloys were suction cast to a 4 mm diameter rod. Figure 5a shows the XRD patterns corresponding to the as-cast Zr 53 Cu 19 Al 10 Ni 10 Ti 5 Y 3 alloy prepared with Zr-sponge and high purity Zr respectively. The latter yields a fully glassy structure which is also supported by bright field TEM micrograph in Fig. 5b , which is featureless. Corresponding selected area diffraction (shown in the inset) reveals the typical diffuse halo of an amorphous material. However, the Y addition has significantly improved the glass formation and yielded a partial glassy structure in case of alloy prepared with Zr sponge. The fcc Zr 2 Ni is the predominant crystalline phase that was detected, while traces of CuZr 2 , a-Zr and ZrO were found embedded in the glassy matrix (Fig. 5a ). We were unable to obtain any glass at this section thickness without Y addition.
The DSC scan of the alloy prepared with the sponge shows a distinct glass transition as shown in Fig. 5c . It is also interesting to note the single crystallization peak in the DSC, which is characteristic of melts containing lower oxygen content [4] . This further illustrates the success of Y as an oxygen scavenger. Figure 5d shows the scanning electron micrograph corresponding to Zr 53 Cu 19 Al 10 Ni 10 Ti 5 Y 3 alloy prepared with Zr sponge showing fine and large dendrites. The EDAX analysis shows that fine dendrites have low content of oxygen while large dendrites have higher oxygen content. From the micrograph (Fig. 5d) , it can be noticed that the bigger particles have high oxygen and Y content with low Zr. On the other hand small particles (one of them marked in the figure) contain lower oxygen and major presence of Zr and Cu. However they also contain Al, Ni, Ti and Y as minor alloying elements.
It is important to note here that in addition to the ability to getter oxygen, the addition of 3 at.% Y and 5 at.% Ti represents an increase in the number of components for the multi-component alloy. Therefore, the improved glass formation in the Y and Ti containing BMGs is not only because of the oxygen paralysis but could also be due to-at least partially-the increased number of components in the system and hence decreased propensity for crystallization. Figure 6a shows a low magnification optical micrograph of the central region of 3 mm injection cast rod of Zr 55 Cu 30 Al 10 Ni 5 showing the presence of dispersoids with darker contrast. SEM micrograph of these dispersoids show that they are faceted (Fig. 6b) . The EDAX analysis and the X-ray analysis establish them to be a-Zr. The matrix contains colonies of dendrites (Fig. 6c) . The fraction of these colonies in the overall microstructure is sensitive to local cooling condition. The dendrites are Zr-rich with Cu as the other main element with average composition of Zr 2-x Cu 1+x (x max = 0.3). However, they also contain small amount of Al and Ni. Fine dendrites with different contrast can be frequently observed at the core of these dendrite colonies (pointed by arrows in Fig. 6b and c) . This is consistent with observations of Gebert et al. [3] . Figure 6d shows the microstructure of the fins. It contains predominantly glassy phase. However, even here one can detect both the a-Zr and Zr 2 Cu type of phases. On increasing Zr content additional large dendrites were observed (Fig. 6e) . These dendrites are prevalent in high oxygen containing alloys and identified as the orthorhombic Zr 2 Al 3 phase from the EDAX results. The peaks of this phase could be observed in the X-ray results obtained from the high Zr alloys. The predominant fcc Zr 2 Ni phase is conspicuous by its absence from the SEM micrographs. A possible explanation could be their occurrence as small crystallites of only a few nanometers diameter [3] and hence are beyond the instrumental resolution of the SEM used for this study. The small size of these crystallites is attributed to a high nucleation rate combined with a limited growth rate [16] .
Facets of Zr crystallites
Mechanical properties and gradient microstructures
The average hardness of all the Zr-Cu-Ni-Al samples used in this investigation is shown in the Fig. 7 . Broadly, the hardness increases with Zr content and with the casting section thickness indicating crystalline products have higher hardness compared to the amorphous phase. This observation is similar to Inoue et al. [17] where they have reported a 37% increase in hardness due to nanocrystalline dispersoids in an amorphous Zr-Al-Ni-Cu-Ag alloy. Basu et al. [18] have also reported that the hardness increases linearly with increasing crystallinity. They have also mentioned the abrupt increase in the elastic modulus when the crystalline volume fraction is about 40 vol.% with an only minor variation on either side of this range. It is also possible that the increase in hardness is also due to an increase in the solute content of the amorphous matrix [19] [20] [21] [22] .
Since the development of the microstructure in high oxygen content alloys is sensitive to cooling rate, a gradient microstructure is always observed not only in the wedge casting but also in rod and plate. One can utilize this to design gradient samples where the surface is predominantly glassy while the core is crystalline. Figure 8a 18.97 harder and stiffer, the microstructural gradient leads to a gradient in the mechanical properties. Interestingly, while the elastic modulus appears to vary linearly, the hardness shows a peak at a distance that is~1 mm away from the center of the plate. Besides the phase fraction, the varying composition due to the partitioning during the solidification process is possibly the reason for this [19] .
Discussion
The experimental results presented in the preceding section suggest that the microstructure evolution in Zr-Cu-Al-Ni BMG prepared with commercial sponge and having oxygen contain in excess of 8,000 ppm is different from the BMGs containing less amount of oxygen. Oxygen free BMG of Zr-Cu-Al-Ni decomposes to yield tetragonal CuZr 2 and hexagonal NiAl 2 Zr 6 phases [2, 23] . With addition of oxygen, a metastable cubic phase (Fd3m) of NiZr 2 nucleates in the glass homogenously [24, 25] . These fine particles in turn act as the nucleation sites for the heterogeneous nucleation of CuZr 2 [3] . This latter phase generally grows as fine dendrites. In melt spun high oxygen containing alloy (>0.6 at.% O), the metastable NiZr 2 forms and transforms directly to equilibrium NiAl 2 Zr 6 phase [3] . Liu et al. [6] have shown the observed metastable cubic NiZr 2 phase is most probably Zr 4 Ni 2 O phase, which forms in the presence of excess oxygen. With increase in oxygen concentration (>8000 ppm) additional phases namely ZrO, Zr 2 Al 3 and Zr 3 Al 2 appear that are not seen for lower oxygen impurities. The most striking result of a high oxygen content alloy, however, is the formation of a-Zr that forms faceted crystals in all the three alloys. This phase is also not observed at low oxygen content alloy. This suggests that oxygen addition shifts the alloy towards the Zr rich end in the multi component phase field [26] .
Conclusions
Higher oxygen concentrations in the melt, obtained from Zr sponge, leads to the formation of phases, which cannot be obtained otherwise by starting off with high purity elements. Oxygen plays a controlling role in developing the microstructure and determining GFA, hence, our results show that dissolved oxygen has to be regarded as an alloying element rather than an impurity. The gradient structure so obtained due to presence of oxygen and varying cooling rates can produce a gradient in mechanical properties. 
